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Abstract 

We study the decays of the r-sleptons (fi 2) and r-sneutrino (D T ) in the Minimal 
Supersymmetric Standard Model (MSSM) with complex parameters A r ,\x and Mi 
(U(l) gaugino mass). We show that the effect of the CP phases of these parameters 
on the branching ratios of 7^2 and v T decays can be quite strong in a large region 
of the MSSM parameter space. This could have an important impact on the search 
for fi 2 an d v T and the determination of the MSSM parameters at future colliders. 



So far most phenomenological studies on supersymmetric (SUSY) particle searches 
have been performed in the Minimal Supersymmetric Standard Model (MSSM) H with 
real SUSY parameters. Studies of the 3rd generation sfermions are particularly interesting 
because of the effects of the large Yukawa couplings. The lighter sfermion mass eigenstates 
may be relatively light and they could be thoroughly studied at an e~e + linear collider 
0. They could also be copiously produced in the decays of heavier SUSY particles. An 
analysis of the decays of the 3rd generation sleptons T2 and v T in the MSSM with real 
parameters was performed in Ref. ||, and phenomenological studies of production and 
decays of the 3rd generation sfermions at future e~e + colliders in Ref.[[|]. The assumption 
that all SUSY parameters are real, however, may be too restrictive. The higgsino mass 
parameter [i and the trilinear scalar coupling parameters Af of the sfermions / may 
be complex. In minimal Supergravity-type models the phase of \i (<£> M ) turns out to 
be restricted by the experimental data on electron and neutron electric dipole moments 
(EDMs) to a range |^| < 0.1 — 0.2 for a universal scalar mass parameter M < 400GeV, 
while the phase of the universal trilinear scalar coupling parameter A is correlated with 
(fp, but otherwise unrestricted ||. In more general models the phases of the parameters 
A f of the 3rd generation sfermions are not restricted at one-loop level by the EDM data. 
However, there may be restrictions at two-loop level 0. In a complete phenomenological 
analysis of production and decays of the SUSY particles one has to take into account 
that the /i and Af may be complex. Furthermore, explicit CP violation in the Higgs 
sector can be induced by loop effects involving CP- violating interactions of Higgs bosons 
to top and bottom squark (t and b) sector with complex parameters J7|, |]. It is found || 
that such effects of the complex phases on the phenomenology of the Higgs boson search 
could be quite significant. In principle, the imaginary parts of the possible complex SUSY 
parameters involved could most directly and unambiguously be determined by measuring 
relevant CP-violating observables; e.g. such analyses in r-slepton (f) pair production in 
e + e~ and colliders were performed in Ref. [[H] . 

On the other hand, the CP-conserving observables also can depend on the phases of the 
complex parameters because in general the mass-eigenvalues and the couplings of the 
SUSY particles (sparticles) involved are functions of the underlying complex parameters. 
For example, the branching ratios of the Higgs boson decays depend strongly on the 
complex phases of the t and b sectors 



In this article we study the effects of the complex phases of the stau and gaugino- 
higgsino sectors on the decay branching ratios of the staus f 12 and r-sneutrino v T with 
^1(^2) being the lighter (heavier) stau. We point out that these effects can be quite strong 
in a large region of the MSSM parameter space. This could have an important impact 
on the search for f\$. and v T and the determination of the MSSM parameters at future 
colliders. 

First we summarize the MSSM parameters in our analysis. In the MSSM the stau 
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sector is specified by the mass matrix in the basis (f L , t r ) [12j 

^2 



Mi 



m- 



a T m T m 




with 



m\ h = Mf + m|cos2/?(sin 2 ^-^)+m 2 , (2) 
m\ R = M\-m\ cos 2(3 sin 2 6 W + m 2 , (3) 
a T m T = (A T — u* tan (3) m T = \a T m T \e tipf (— tc < iff < 7r). (4) 

Mi g and A T are soft SUSY-breaking parameters, /i is the higgsino mass parameter, and 
tan (3 = v 2 jv\ with v i (t^) being the vacuum expectation value of the Higgs field (H®)- 
As the relative phase £ between v i and f 2 is irrelevant in our analysis, we adopt the £ = 
scheme ||. We take v4 T and /i as complex parameters: A T = |A T | e J</3Ar and fi = \fi \ 
with — 7r < y^Ar,^ < 7r. Diagonalizing the matrix (P one gets the mass eigenstates f\ and 
^2 

f fi \ _ f ( f L \ _ ( e^cos0 f sinOf \ ( f L \ 

\ r 2 J [ r R ) [ -sin0 f cos9 f ) \ f R ) {0> 

with the masses m T1 and rrif 2 (m^ < mf 2 ), and the mixing angle Of 

m 2 fi2 = ~{ml L +m 2 fR T^J {m% L - m?J 2 + A\a T m T \ 2 ), (6) 
Of = tan-^KTTvl/Cm? -m 2 J) (-tt/2 < f < 0). (7) 

The fx — mixing is large if \m 2 L — ni 2 R \ < |a r m r |, which may be the case for large 
tan/? and From Eqs.(|) and (^) we see that m~ and #f depend on the phases only 
through a term cos((pA T + fn)- This phase dependence is strongest if \A T \ ~ |/i|tan/3. 
The mass of v T is given by 

m 2 T =M| + im|cos2/?. (8) 

The properties of charginos ^ (i = 1, 2; m-± < rn~±) and neutralinos x° (j = 1, 4; 
m^o < ... < m^o) are determined by the parameters M 2 ,Mi,fi and tan/3, where M 2 
and Mi are the SU(2) and U(l) gaugino masses, respectively. We assume that M 2 and 
the gluino mass nig are real and that M\ is complex: M\ = {M^e^ 1 (—tt < ip-y < 
7r). Inspired by the gaugino mass unification we take \M\\ = (5/3) tan 2 9wM 2 and 
trig = (a s (mg) ja 2 )M 2 . In the MSSM Higgs sector with explicit CP violation the mass- 
eigenvalues and couplings of the neutral and charged Higgs bosons H\ , , H$ {m H o < 
m H o < m H o) and H , including Yukawa and QCD radiative corrections, are fixed by 
m H +,ta.ia f3, u,,m t ,m b , Mq, M(j, Mp, A t , A b , \M 1 \,M 2 , and nig ||. Here Mq ^ q and A tjb 

are the soft SUSY-breaking parameters in the t and b sectors, and A t , b are in general also 
complex: A t)b = \A ttb \e ilpAt > b (— n < fA t b < k). The neutral Higgs mass eigenstates H®, H® 
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and H® are mixtures of CP-even and CP-odd states {4>i,2 and a) due to the explicit CP 
violation in the Higgs sector. For the radiatively corrected masses and mixings of the 
Higgs bosons we use the formulae of Ref. ||. We treat Mri^Qftjj} and ^4{ T ,i,f>} as free 
parameters since the ratios among them are highly model-dependent. 

Here we list possible important decay modes of fi^ and i> T : 

h -> t x°i , v T Xj (9) 
r 2 - t%^,v t x- ;txZ\v T W- ,T X Hl,v T H~ (10) 

f>r - VrXi,TX+,f l W + ,f 1 H+. (11) 

The decays into a gauge or Higgs boson in (|IUD and ( P]) are possible in case the mass 
splitting between the sleptons is sufficiently large ||. The explicit expressions of the 
widths of the decays (|9|)-(|TT|) in case of real SUSY parameters are given in fl3|| . Those 



for complex parameters can be obtained by using the corresponding masses and couplings 
(mixings) from Refs. || [T2j and will be presented elsewhere JR] . 



The phase dependence of the widths stems from that of the involved mass-eigenvalues, 
mixings and couplings among the interaction-eigenfields. Here we summarize the latter 
phase dependence: 

(I) fi sector: 

(a) m T12 are insensitive to the phases (<£>^ T , y^) if the f-mixing term |a T m r | <C 
mf L + Tri~ R . In most cases this is naturally fulfilled, because m T is small. 

(b) The f-mixing angle Of (given by tan 28 f = 2\a T m T \/(mf L — m| ) ) is sensitive 
to ((pA T ,ip^) (via cos((fA T +V 9 m) ) ^ an< ^ on ly if \ m f L ~ m f R \ is small and \A T \ ~ 
\fx\ tan p. Here note that |m? L — m-J ~ |M| — M|| ~ (m^ — w~J due to the 
smallness of |a T m T |. 

(II) Xi and Xj sectors: 

(a) m^o (i=l,...,4) and the x°-mixing matrix are sensitive [insensitive] to the phases 
(ipi,iPn) for small [large] tan/3. 

(b) m~± and the x ± -mixing matrices are sensitive [insensitive] to (p^ for small 
[large] tan/?. 

(III) v T and H sectors: 

These sectors are independent of the phases. 

(IV) Hf sector: 

(a) m H o (i=l,2,3) are sensitive [insensitive] to the phase sums (pA t b + W for small 
[large] tan/3 H. 
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(b) In general the i??-mixing matrix (a real orthogonal 3x3 matrix O^) is sensitive 
to ip At b + ip^ for any tan/3 ||. 

(V) The couplings among the interaction-eigenfields: 

(a) For the decays into fermions and gauge bosons in Eqs. ([9|)-([TT|) , they are gauge 
couplings and/or tau Yukawa coupling (h T ), and are independent of the phases. 

(b) For the decays into Higgs bosons in Eqs.fllOD and (0), the slepton- "chirality" 
flip (nonflip) couplings are dependent on (independent of) the phases <pa t and 

~ cos f3h T {A* tan f3 + li) (12) 

~ KA* T (13) 

~ hrfi (14) 

~ cos (3 h T (A* T tan (3 + //) (15) 

~ C(f2r L 0i >2 ) ~ C{f R f R fa j2 ) ~ gm w (16) 

with 

h T = gm T /(V2mw cos/5). (17) 

Here fa = OijH® (i= 1,2) and a = 3 jHj are the CP-even and CP-odd neutral 
Higgs bosons, respectively ||. 

From the facts (I)-(V) the widths (and hence the branching ratios) of the decays (|9|)-(|TT|) 
are expected to be sensitive to the phases (fA T , W <Pi, ^A tb + </v) in a large region of 
the MSSM parameter space. 

Now we turn to the numerical analysis of the fi,2 and v T decay branching ratios. We 
calculate the widths of all possibly important two-body decay modes of Eqs. (|TTD ■ 
Three-body decays are negligible in this study. We take m T = 1.78 GeV, m t = 175 
GeV, rrib = 5 GeV, mz = 91.2 GeV, sin 2 9w = 0.23, rriw = rrizcosOw, cn(mz) = 1/129, 
and a s (m z ) = 0.12 (with a s (Q) = 12vr/((33 - 2n f ) \n(Q 2 /A 2 nf )) for the determination of 
rrig{= (a s (rrig) j ' a^M?) , rif being the number of quark flavors), where m t ^ are pole masses 
of t and b quarks. In order not to vary too many parameters we fix m fl = 240GeV, 
m H+ = 180GeV, Mq = M = M b = \A t \ = \A b \ = lOOOGeV, and <p At = (p Ab = 
for simplicity. In our numerical study we take tan/3, M 2 , nif 2 , \A T \, <fA T , W and 
(pi as input parameters. Note that for a given set of the input parameters we have two 
solutions for (Mg, Mg) corresponding to the two cases > and < m fR . In the 
plots we impose the following conditions in order to respect experimental and theoretical 
constraints: 

(i) m-± > 103 GeV, m% > 50 GeV, m fljk ~ hl > 100 GeV, > m £ o, 

m H o > 110 GeV, 



C{f[f R fa) 
C{flf R fa) 
C(fl? R a) 
C{ulf L H + ) 
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(ii) \A T \ 2 < 3 (Mf+Ml+mi), \A t \ 2 < 3 (M? +M? +m|), and |A| 2 < 3 (M?+M? +m 2 ), 



where m 2 = (m 2 H+ +m 2 z sin 2 6*vy) sin 2 j3 — \m 2 z and m 2 . = (m 2 H+ +m 2 z sin 2 6*^/) cos 2 /3- 
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iii) Ap(t-b) < 0.0012 |L5[ using the formula of fl6j . 



Condition (i) is imposed to satisfy the experimental mass bounds from LEP |T7| . (ii) is the 
approximate necessary condition for the tree- level vacuum stability ||18|| . (iii) constrains 
fi and tan/3 (in the squark sector). We do not impose the b — > constraint |19| since 
it strongly depends on the details of the flavour structures of the squarks, including the 
generation-mixing. 

In general the experimental upper limits on the electron and neutron electric dipole mo- 
ments (EDMs) strongly constrain the SUSY CP phases ||. One interesting possibility 
for evading these constraints is to invoke large masses (much above the TeV scale) for 
the first two generations of the sfermions p0| , keeping the third generation sfermions 
relatively light ( < 1 TeV). In such a scenario ((fx, tp^) and the CP phases in the third 
generation (<pA r , fAa <£aJ are practically unconstrained pO| . We take this scenario. The 
deviation of the recent data on the muon g-2 from the Standard Model prediction is no 



longer significant ]2l| , which allows of our scenario. We have checked that the electron 
and neutron EDM constraints at two-loop level |§ are fulfilled in the numerical examples 
studied in this article. 

In Fig.l we plot the contours of the branching ratios of the f\ decays B{ji — > txi) 
and B(fi -> v T Xx) in th e \A T \ - \fj\ plane for tan/5 = 3, M 2 = 200GeV, m fl = 240GeV, 
ffif 2 = 250GeV, ipi = 0, and (y?A T , vv) = (0,0), (7r/2,0), (0,7r/2) in the case < m^; 
in the case rrif L > rrif R we have obtained similar results. As expected, these branching 
ratios are very sensitive to the phases ipA T and ip^ in a sizable region of the \A T \ — \fi\ 
plane. As can be seen from item (I), in this case the f-mixing angle Of is sensitive to 
cos((/9 j 4 t +vv) f° r \At\ ~ 3 1 /x | , which is the main cause for the difference between the case 
of ((fA T , w) = (0)0) ari( i those of (7r/2,0) and (0,7r/2). Furthermore from item (II) one 
sees that the masses and mixing- matrices of the Xi an d xf are sensitive to tp^, which is 
the main reason for the difference between the case of (<Pa t , <Ph) — (0,7r/2) and those of 
(0,0) and (7r/2,0). Here note also item (V)-(a). 

In Fig. 2 we plot the contours of the f\ decay branching ratios B(fi — > txi), B{t\ — > 
TX2), and B{ji — > u T Xi) in the <fA T ~ plane for tan/3 = 3, M 2 = 200GeV, m fl = 
240GeV, m f2 = 255GeV, \A T \ = 600GeV, \fi\ = 350GeV, and ip x = in the case m? L < 
m,f R ; in the case nif L > mf R we have obtained similar results. One sees that these 
branching ratios depend on the CP phases <pa t and (p^ quite strongly, as expected from 
items (I) and (II). 

In Fig. 3 we show the ip>^ dependence of the f\ decay branching ratios for tan (3 = 3, 30 
(with Vl = 0) and <p x = 0,tt/2 (with tan/5 = 3) with M 2 = 300GeV, m f2 = 500GeV, 
\A T \ = 600GeV, |//| = 200GeV, and (pA T = in the case < m^; in the case m fL > m fR 
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we have obtained similar results. From Fig. 3a we see that the f\ decay branching ratios 
are sensitive (insensitive) to cp^ for small (large) tan/5 as is expected from items (I), (II), 
and (V)-(a). In general the f\ decay branching ratios are insensitive to all of the phases 
((fA T , W' ft) f° r l ar § e tan/? according to items (I), (II) and (V)-(a). From Fig.3b we find 
that they are sensitive to <£> M and (p± for small tan /3(=3) where the masses and mixings of 
Xi [xf] are sensitive to (ip^, <pi) [</? M ] (though Of is insensitive to y? M in this case) as seen 
from items (I) and (II). 

In Fig. 4 we show the <pa t dependence of the f 2 decay branching ratios for (p^ = and 
7r/2 in the two cases of small (a) and large (b,c) mass difference \m fl — nif 2 \. For the 
former case we take (m fl (GeV), m^(GeV), tan/3, M 2 (GeV), |A r |(GeV), |/i|(GeV), <pi) 
= (240, 260, 6, 500, 600, 150, 0) with m? L > m fR , whereas for the latter case we take 
(m fl (GeV), m f2 (GeV), tan/5, M 2 (GeV), |A T |(GeV), |//|(GeV), <p x ) = (240, 500, 30, 400, 
900, 800, 0) with m fi < m? R . In Fig. 4a (where \m fl — m f2 | and \mp T — m f2 | are so small 
that the bosonic decays in Eq. (|T0"|) are kinematically forbidden) we see that the f 2 decay 
branching ratios are very sensitive to <p>A T an d W as expected from items (I) and (II). In 
Figs. 4b and 4c (where jra^ — mf 2 |(~ |m^ T — rrif 2 \) is so large that the bosonic decays in 
Eq. ([31]) also are allowed) we find that the branching ratios of the Higgs boson modes are 
rather sensitive to (fA T an d y2 M as expected from items (IV)- (b) and (V)-(b); here note 
that in this case (fi,^) ~ (tl,Tr) due to the smallness of the Tl-Tr mixing term and 
hence that the bosonic decays of f 2 are basically the decays of tr into (fx, v T ). 

In Fig. 5 we show the (p^ dependence of the v T decay branching ratios for (pi — and 7r/2 
in the case of tan/3 = 3, M 2 = 500GeV, m? 2 = 500GeV, \A T \ = 600GeV, \fi\ = 150GeV, 
<Pa t = 0, and rrif L < (for which ~ rrif L ~ and hence the bosonic decays 
in Eq.flTTD are kinematically forbidden). We see that the v T decay branching ratios are 
quite sensitive to ip^ and <pi as expected from item (II). In general the v T decay branching 
ratios are insensitive to all of the phases (<Pa t , </V> Vi) f° r l ar g e tan j3 as can be seen from 
items (I)* — '(III) and (V). Furthermore, they tend to be insensitive to ipA T for any tan/5 
as can be seen from items (I)~(III) and (V), except for some special cases such as the 
case with m? L > m? R , jm^ — rrif 2 \ > rriH+, small tan/5, and <C mj; T (~ mf 2 ) < l-Mi^l, 
where > m fl +m H +, m { ^o^± } < m 9r < m { ~o^~± } , f x ~ f R , and (x? 2 , xt)[(xH,4, xf)] 
are higgsino-like [gaugino-like] ; in this case only the txi an d f\H + modes dominate the 
v T decay, and the coupling C(P T flH~) ~ C{y T f R H ) ~ cos/5 h T (A T tan/5 + /i*) can be 
rather sensitive to <p>A T (though the 9f is insensitive to fA T ), which results in significant 
y9 j 4 T -dependence of the v T decay branching ratios. We have checked that this can be easily 
realized indeed. 

As for the r-lepton EDM (d T ), we have checked that in the MSSM parameter region 
considered here the predicted range of it is well below the current experimental limit 
(\d T \ < 3.1 x 10~ 16 e cm) |22| and most likely also below the expected sensitivity of future 
experiments to measure this EDM: we find that in the parameter region considered here 
\d T \ < 10 _20 e cm, which is obtained by using the corresponding formulas in Ref. |23] with 
m e replaced by m r . 
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The CP phases can significantly affect not only CP-violating observables such as the 
lepton EDM but also CP-conserving quantities such as the branching ratios of the f 12 and 
v T decays. Hence the possible sizable phases could have important consequences for the 
determination of the fundamental MSSM parameters by measurements of CP-conserving 
observables from which they are extracted. 

In conclusion, we have shown that the effect of the CP phases of the complex param- 
eters A T , fj, and Mi on the branching ratios of the f 12 and v T decays can be quite strong 
in a large region of the MSSM parameter space. This could have an important impact 
on the search for f 12 and v T and the determination of the MSSM parameters at future 
colliders. 



Acknowledgements 

The authors thank A. Pilaftsis and C.E.M. Wagner for useful correspondence. This work 
was supported by the 'Fonds zur Forderung der wissenschaft lichen Forschung' of Aus- 
tria, Project No. P13139-PHY, and by the European Community's Human Potential 
Programme under contract HPRN-CT-2000-00149. W.P. is supported by 'Fonds zur 
Forderung der wissenschaftlichen Forschung' of Austria, Erwin Schrodinger fellowship 
Nr. J2095, and partly by the 'Schweizer Nationalfonds'. 



References 

[1] For reviews, see: 

H.P Miles, Phys. Rep. 110 (1984) 1; H.E. Haber and G.L. Kane, Phys. Rep. 117 
(1985) 75; R. Barbieri, Riv. Nuov. Cim. 11 (1988) 1. 

[2] E. Accomando et al, Phys. Rep. 229 (1998) 1. 

[3] A. Bartl, H. Eberl, K. Hidaka, S. Kraml, T. Kon, W. Majerotto, W. Porod, and Y. 
Yamada, Phys. Lett. B 460 (1999) 157. 

[4] M. M. Nojiri, Phys. Rev. D 51 (1995) 6281; M. M. Nojiri, K. Fujii and T. Tsukamoto, 
Phys. Rev. D 54 (1996) 6756; A. Bartl, H. Eberl, S. Kraml, W. Majerotto, W. Porod 
and A. Sopczak, Z. Phys. C 76 (1997) 549; A. Bartl, H. Eberl, S. Kraml, W. Majerotto 
and W. Porod, Eur. Phys. J. direct C 6 (2000) 1. 

[5] P. Nath, Talk at The 9th International Conference on Supersymmetry and Unifica- 
tion of Fundamental Interactions, 11-17 June 2001, Dubna ( [hep-ph / 1 0732 5|) and 
references therein. 

[6] D. Chang, W. Keung and A. Pilaftsis, Phys. Rev. Lett. 82 (1999) 900. 



S 



[7] A. Pilaftsis, Phys. Lett. B 435 (1998) 88; A. Pilaftsis and C.E.M. Wagner, Nucl. 
Phys. B553 (1999) 3; S.Y. Choi, M. Drees and J.S. Lee, Phys. Lett. B 481 (2000) 57; 
G.L. Kane and L.T. Wang, Phys. Lett. B 488 (2000) 383. 

[8] M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B586(2000)92. 

[9] M. Carena, J. Ellis, A. Pilaftsis and C.E.M. Wagner, Phys. Lett. B 495 (2000) 155. 

[10] S.Y. Choi and M. Drees, Phys. Lett. B 435 (1998) 356; S.Y. Choi and M. Drees, 
Phys. Rev. Lett. 81 (1998) 5509; S.Y. Choi, M. Drees, B. Gaissmaier and J.S. Lee, 
Phys. Rev. D 64 (2001) 095009. 

[11] S.Y. Choi and J.S. Lee, Phys. Rev. D 61 (1999) 015003; S.Y.Choi, K. Hagiwara and 
J.S. Lee, Phys. Rev. D 64 (2001) 032004. 

[12] J. Ellis and S. Rudaz, Phys. Lett. B 128 (1983) 248; J. F. Gunion and H. E. Haber, 
Nucl. Phys. B 272 (1986) 1; B 402 (1993) 567 (E). 

[13] W. Porod, PhD Thesis, Univ. Vienna, 1997 ( |hep-ph/9804208| ). 

[14] A. Bartl, K. Hidaka, T. Kernreiter and W. Porod, in preparation. 

[15] G. Altarelli, R. Barbieri, and F. Caravaglios, Int. J. Mod. Phys. A 13 (1998) 1031. 

[16] M. Drees and K. Hagiwara, Phys. Rev. D 42 (1990) 1709; S.K. Kang and J. D. Kim, 
Phys. Rev. D 62 (2000) 071901. 

[17] G.G. Hanson, Talk at The 20th International Symposium on Lepton and Photon 
Interactions at High Energies, 23 - 28 July 2001, Rome ( |hep-ex/01 1 1058|) . 

[18] J. P. Derendinger and C. A. Savoy, Nucl. Phys. B 237 (1984) 307; J.A. Casas and S. 
Dimopoulos, Phys. Lett. B 387 (1996) 107. 

[19] H. Baer, M. Brhlik, D. Castano, and X. Tata, Phys. Rev. D 58 (1998) 015007, and 
references therein. 

[20] A.G. Cohen, D.B. Kaplan and A.E. Nelson, Phys. Lett. B 388 (1996) 588; A.G. 
Akeroyd, Y.-Y. Keum and S. Recksiegel, Phys. Lett. B 507 (2001) 252 and references 
therein; Ref. |§ and references therein. 

[21] M. Knecht and A. Nyffeler, |hep-ph/01lT058| ; M. Knecht, A. Nyffeler, M. Perrottet 
and E. de Rafael, |hep-ph/0 11 10591 M. Hayakawa and T. Kinoshita, |hep-ph/0112T02 . 

[22] Review of Particle Physics, Euro. Phys. J. C 3 (1998) 286. 

[23] A. Bartl, T. Gajdosik, W. Porod, P. Stockinger and H. Stremnitzer, Phys. Rev. D 
60 (1999) 073003. 



9 



Figure Captions 



Figure 1: Contours of the T\ decay branching ratios B{f\ — > tx\) (a,b,c) and B(ti — > 
v T Xi) (d,e,f) in the \A T \ - \n\ plane for tan/3 = 3, M 2 = 200GeV, m fl = 240GeV, 
m f2 = 250GeV, p 1 = 0, and (p Ar , = (0,0) (a,d), (tt/2,0) (b,e), and (0,tt/2) (c,f) in 
the case < m fji . The blank areas are excluded by the conditions (i) to (iii) given in 
the text and the inequality (mf L -m^) 2 = (m 2 ^ — m? 2 ) 2 — (2|a T m T |) 2 > 0. The excluded 
region is different in each plot mainly due to the fact that the inequality depends on the 
phases (p Ar , </? M ). 

Figure 2: Contours of the f\ decay branching ratios B(fi — > TX\) (a), B{fi — > rx°) (b), 
and B(fi — > z/rXi") ( c ) i n the y2A T — W plane for tan (3 = 3, M 2 = 200GeV, m fl = 240GeV, 
m f , 2 = 255GeV, \A T \ = 600GeV, = 350GeV, and p 1 = in the case m ?L < m ffl . 

Figure 3: p^ dependence of the fi decay branching ratios for tan (3 = 3, 30 (with (pi = 0) 
(a) and ip x = 0,tt/2 (with tan/3 = 3) (b) with M 2 = 300GeV, m fl = 240GeV, m f2 = 
500GeV, \A T \ = 600GeV, \fi\ = 200GeV, and p Ar = in the case m fL < m fR . In Fig. a 
the solid and dashed lines are for tan/3 = 3 and 30, respectively In Fig.b the solid and 
dashed lines are for tpi — and n/2, respectively. 

Figure 4: (p Ar dependence of the f 2 decay branching ratios for tp^ — (solid lines) and 
7r/2 (dashed lines) in two cases: (a) small f-mass-splitting case with = 240GeV, 
m f2 = 260GeV, tan/3 = 6, M 2 = 500GeV, \A T \ = 600GeV, \fj,\ = 150GeV, p x = 0, and 
m r L > m f R (for which m/> T ~ mf 2 ), and (b,c) large f-mass-splitting case with = 
240GeV, m f2 = 500GeV, tan/3 = 30, M 2 = 400GeV, \A T \ = 900GeV, = 800GeV, 
ipi = 0, and nif L < vrtf R (for which ~ fftfi)- 111 the latter case (Figs.b and c) 
we have (m H o,m H o,m H o) = (117 .4, 159.2, 159.5)(GeV) and (117.7, 150.6, 151.2)(GeV) for 
(Pn — and 7r/2, respectively. The branching ratios -B(f 2 — >■ fiZ°) (~ 10%) and -B(f 2 — > 
v T W~) (~ 20%), which are rather insensitive to </?a t , are not shown in Figs.b and c. 

Figure 5: dependence of the v T decay branching ratios for tpi — (solid lines) and 
vr/2 (dashed lines) with tan/3 = 3, M 2 = 500GeV, m fl = 240GeV, m f . 2 = 500GeV, 
\A T \ = 600GeV, = 150GeV, ip Ar = 0, and rrif L < (for which ~ m^). 
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